We showed recently that antisense plants with decreased activity of the plastidic ATP/ADP-transporter protein exhibit drastically reduced levels of starch and a decreased amylose/amylopectin ratio, whereas sense plants with increased activity of the transporter possessed more starch than wild-type plants and an increased amylose/amylopectin ratio. In this paper we investigate the effect of altered plastidic ATP/ADP-transporter protein expression on primary metabolism and granule morphology in more detail. Tuber tissues from antisense and sense plants exhibited substantially increased respiratory activity compared with the wild type. Tubers from antisense plants contained markedly increased levels of free sugars, UDP-Glc, and hexose phosphates, whereas phosphoenolpyruvate, isocitrate, ATP, ADP, AMP, UTP, UDP, and inorganic pyrophosphate levels were slightly decreased. In contrast, tubers from sense plants revealed a slight increase in adenine and uridine nucleotides and in the levels of inorganic pyrophosphate, whereas no significant changes in the levels of soluble sugars and metabolites were observed. Antisense tubers contained 50% reduced levels of ADP-Glc, whereas sense tubers contained up to 2-fold increased levels of this sole precursor for starch biosynthesis. Microscopic examination of starch grain morphology revealed that the size of starch grains from antisense tubers was substantially smaller (50%) compared with the wild type. The large starch grains from sense tubers appeared of a more angular morphology, which differed to the more ellipsoid shape of wild type grains. The results suggest a close interaction between plastidial adenylate transport and starch biosynthesis, indicating that ADP-Glc pyrophosphorylase is ATP-limited in vivo and that changes in ADP-Glc concentration determine starch yield, as well as granule morphology. Possible factors linking starch synthesis and respiration are discussed.
We showed recently that antisense plants with decreased activity of the plastidic ATP/ADP-transporter protein exhibit drastically reduced levels of starch and a decreased amylose/amylopectin ratio, whereas sense plants with increased activity of the transporter possessed more starch than wild-type plants and an increased amylose/amylopectin ratio. In this paper we investigate the effect of altered plastidic ATP/ADP-transporter protein expression on primary metabolism and granule morphology in more detail. Tuber tissues from antisense and sense plants exhibited substantially increased respiratory activity compared with the wild type. Tubers from antisense plants contained markedly increased levels of free sugars, UDP-Glc, and hexose phosphates, whereas phosphoenolpyruvate, isocitrate, ATP, ADP, AMP, UTP, UDP, and inorganic pyrophosphate levels were slightly decreased. In contrast, tubers from sense plants revealed a slight increase in adenine and uridine nucleotides and in the levels of inorganic pyrophosphate, whereas no significant changes in the levels of soluble sugars and metabolites were observed. Antisense tubers contained 50% reduced levels of ADP-Glc, whereas sense tubers contained up to 2-fold increased levels of this sole precursor for starch biosynthesis. Microscopic examination of starch grain morphology revealed that the size of starch grains from antisense tubers was substantially smaller (50%) compared with the wild type. The large starch grains from sense tubers appeared of a more angular morphology, which differed to the more ellipsoid shape of wild type grains. The results suggest a close interaction between plastidial adenylate transport and starch biosynthesis, indicating that ADP-Glc pyrophosphorylase is ATP-limited in vivo and that changes in ADP-Glc concentration determine starch yield, as well as granule morphology. Possible factors linking starch synthesis and respiration are discussed.
The pathway of Suc to starch conversion has been intensively investigated in growing potato (Solanum tuberosum cv Desirée) tubers (for review see, ap Rees, 1988; Kruger, 1997) . After entering the cytosol of tuber parenchyma cells via plasmodesmata (Oparka et al., 1992) , Suc is converted by Suc synthase (SuSy; Zrenner et al., 1995) to Fru and UDP-Glc. Fru is subsequently phosphorylated to Fru6P (Renz et al., 1993) , and UDPGlc is converted to Glc1P via a pyrophosphate-(PPi) dependent reaction catalyzed by UDP-Glc pyrophosphorylase (UGPase; Zrenner et al., 1993) . After interconversion of hexose-phosphates, Glc6P or Glc1P enter the amyloplast by the action of a hexose-phosphate/phosphate antiporter (Schott et al., 1995; Naem et al., 1997; Kammerer et al., 1998) . Within the amyloplast, Glc1P serves as the substrate for the first committed step in starch synthesis, catalyzed by ADP-Glc pyrophosphorylase (AGPase; Preiss, 1988) . The final polymerizing steps are catalyzed by different classes of starch synthases, soluble-, or granule-bound isoforms, which incorporate the Glc moiety of ADP-Glc into the elongating glucan chains of the granule (see Martin and Smith, 1995; Smith et al., 1997) .
Our knowledge about the regulation of Suc to starch conversion in potato tubers is still limited. Most of the previous molecular studies focused on the analysis of transformants with decreased expression of individual enzymes of the pathway from Suc to starch (Mü ller-Rö ber et al., 1992; Zrenner et al., 1993 Zrenner et al., , 1995 Marshall et al., 1996; Geigenberger et al., 1999a Geigenberger et al., , 1999b , or on evaluation of fine control mechanisms acting on AGPase (Stark et al., 1992; Geigenberger et al., 1997 Geigenberger et al., , 1998 .
Even less attention has been paid to the possibility that carbon fluxes may be restricted by the levels of nucleotide cofactors. Suc degradation via the reversible reaction of SuSy (Geigenberger and Stitt, 1993) requires uridine nucleotides. The concentration of UDP determined in potato tubers (Geigenberger et al., 1993 (Geigenberger et al., , 1994 Loef et al., 1999) are well below the K m of potato tuber SuSy for UDP (Avigad, 1982) and could limit the rate of Suc degradation. Recent experiments using potato tuber slices showed that Suc degradation and starch synthesis are stimulated when the overall uridine nucleotide pool is increased by feeding orotate, an intermediate of the de novo pathway of purine synthesis (Loef et al., 1999) .
Conversion of Suc to starch is ATP dependent. The ATP required for the AGPase reaction is imported into the plastid via an ATP/ADP transport protein (AATP) located on the inner-envelope membrane (Heldt, 1969; Schü nemann et al., 1993; Kampfenkel et al., 1995) . Tjaden et al. (1998) recently showed that a relatively small decrease in ATP/ADP transporter activity leads to a reduced level of total starch content and a lower amylose to amylopectin ratio. In contrast, increased transporter activity correlated with higher starch contents and a higher amylose to amylopectin ratio. In total, these observations indicated that the rate of ATP import exerts considerable control on the rate of starch synthesis and affects the molecular composition of starch in potato tubers.
Given that adenylate transport exhibits considerable impact on the yield and molecular structure of potato tuber starch, it is important to understand the metabolic interaction between the rate of ATP consumption and the processes leading to ATP production.
To do this we examined the respiratory gas exchange of tuber tissues, the tuber levels of adenine and uridine nucleotides, as well as the amounts of sugars, glycolytic intermediates, and organic acids. To further quantify effects on starch yield, the number and size distribution of starch grains were analyzed by polarized-light microscopy and laser diffraction spectroscopy.
RESULTS

Influence of Altered Plastidic Adenylate Transporter Activity on Respiratory Gas Exchange
We showed recently that antisense tubers with decreased activity of the AATP exhibited drastically reduced levels of starch, whereas sense tubers with increased transporter activity contained more tuber starch than the wild-type plant (Tjaden et al., 1998) . To analyze for a putative interaction between plastidial ATP import and consumption and respiratory activity, we quantified the rates of oxygen uptake and CO 2 release in slices dissected from wild-type or transgenic tubers using a Warburg apparatus (Fig. 1) .
In wild-type tissue the mean oxygen consumption was 33.8 nmol O 2 g fresh weight Ϫ1 min Ϫ1 and CO 2 evolution was 23.6 nmol O 2 g fresh weight Ϫ1 min
Ϫ1
(calculated from the gradients of the data points given in Fig. 1 ). These values are in close agreement with previous studies that measured tuber respiration from slices in a standard oxygen electrode (25-30 nmol O 2 g fresh weight Ϫ1 min Ϫ1 ; Geiger et al., 1998; Loef et al., 1999) or from intact tubers in an infrared gas-exchange system (about 20 nmol CO 2 g fresh weight Ϫ1 min Ϫ1 ; Trethewey et al., 1998) . It is interesting that CO 2 evolution was about 30% lower than O 2 consumption.
In discs dissected from tubers with increased AATP expression, the rates of oxygen consumption and CO 2 production were increased compared with the wild type. The mean rate of oxygen consumption was 33.8, 38.1, 41.8, 46 .0, and 50.5, CO 2 evolution 23.6, 24.4, 31.3, 33.5, and 47.3 , and the CO 2 /O 2 ratios were 0.69, 0.64, 0.75, 0.73, and 0.93 in wild-type, JT 1, JT 78, JT 98, and JT 62 plants, respectively (rates are given in nanomoles per grams of fresh weight per minute and were calculated from the gradients of the data points given in Fig. 1 ). Stimulation of respiration was especially marked for lines JT 98 and JT 62, and was largest in line JT 62, which also exhibited the strongest increase in transporter activity and starch content (see Tjaden et al., 1998) . Since data points were taken at different time intervals, the significance of the changes could not be analyzed.
It was unexpected that there was also an up to 2-fold increase in respiration rates in slices dissected from antisense tubers with decreased activity of the AATP and decreased ATP requirement due to less starch (Tjaden et al., 1998) . Mean rates of oxygen consumption were 33.8, 46.5, 52.1, 62.9, and 52.7, CO 2 evolution was 23.6, 34.3, 37.6, 45.3, and 35.6 , and the CO 2 /O 2 ratios were 0.69, 0.74, 0.72, 0.72, and 0.676 in wild-type, JT 676, JT 594, JT 654, and JT 595 plants, respectively (rates in nanomoles per grams of fresh weight per minute calculated from the gradients of the data points of Fig. 1 ).
Levels of Sugars, Glycolytic Intermediates, and Organic Acids in Tubers with Altered Expression of the Plastidic Adenylate Transporter
To establish the consequences of increased respiratory activity on primary metabolism we quantified several key metabolites in extracts from corresponding tubers (Fig. 2) . In tubers with increased AATP expression Suc levels were not significantly changed compared with the wild type ( Fig. 2A ). There were also no significant changes in the levels of Glc, Fru, hexose phosphates, triose phosphates, glycerate-3-phosphate (3PGA), phosphoenolpyruvate (PEP), pyruvate, isocitrate, ␣-ketoglutarate, or malate compared with the wild type (Fig. 2, B-M) . These results clearly indicate that supply and initial mobilization of Suc do not restrict the rate of respiration and starch synthesis in sense tubers.
In antisense tubers with reduced AATP expression, levels of soluble sugars increased markedly compared with the wild type. This was reflected by an up to 2.5-fold increase of Suc (significant for JT 676, JT 594, and JT 654; Fig. 2A ), an up to 10-fold significant increase of Glc (to about 80 mol g fresh weight
Ϫ1
; Fig.  2B ), and an up to 4-fold, but non-significant, increase of Fru (Fig. 2C) . These changes were paralleled by a more than 2-fold significant increase in Glc1P (Fig.  2D) , a 1.7-fold significant increase in Glc6P (Fig. 2E) , and a 1.7-fold significant increase in Fru6P (Fig.  2F ). There were no significant changes in the levels of triose phosphates ( Fig. 2G ) and pyruvate ( Fig. 2J) , with the exception of line JT 654, which had significantly increased pyruvate levels. The levels of 3PGA ( 
Levels of Nucleotides and PPi in Tubers with Altered Expression of the Plastidic Adenylate Transporter
Suc mobilization in potato tubers requires uridine nucleotides and PPi as cofactors (see above). The overall levels of uridine nucleotides (Fig. 3A) were slightly increased in sense and antisense transformants (significant only for line JT 62). Tubers with increased AATP expression had up to 40% higher levels of UTP (Fig. 3B) and UDP (Fig. 3C) , and an up to 26% increased levels of UDP-Glc ( Fig. 3D ; only significant for line JT 62). In contrast to this, the 15% increase in the overall uridine nucleotide content in the antisense tubers ( Fig. 3A) was mainly due to a 25% increase in the levels of UDP-Glc (significant for lines JT 594 and JT 654; Fig. 3D ). The levels of UTP and UDP dropped in these tubers by 50% (significant for lines JT 594, JT 654, and JT 595; Fig. 3 , B and C), resulting in a 2-fold and significant decline in the ratio of UTP to UDP-Glc (Fig. 3E ) compared with the wild type.
PPi is produced in various cellular reactions, including starch synthesis, and could also serve as an alternative energy donor during Suc mobilization and glycolysis (Stitt, 1998) . In sense tubers with increased AATP expression there was a 2-to 3-fold significant increase in PPi levels, whereas antisense tubers with decreased AATP expression exhibited up to 50% reduced levels of PPi compared with the wild type, which was significant only for JT 594 (Fig. 2N ). It is interesting that a similar decrease in PPi level has been observed in tubers with reduced expression of AGPase (Farré et al., 2000) .
Adenine nucleotides are involved in respiratory energy production as well as in biosynthetic processes like anabolic, energy consuming processes such as starch biosynthesis. In sense tubers with increased AATP activity there was a slight increase in the overall level of adenine nucleotides compared with the wild type, which was significant for JT 78, JT 98, and JT 62 (Fig. 4A ). In these lines there was an up to 1.4-fold significant increase in the level of ATP (Fig. 4B) , a 1.3-fold significant increase in the level of ADP (Fig. 4C) , a 1.3-fold significant increase in the level of AMP (Fig. 4D) , and a slight, but not significant, increase in the overall ATP/ADP ratio (Fig. 4F ).
This contrasts with the situation in antisense tubers, which exhibited an up to 20% decrease in the overall level of adenine nucleotides, which was however non-significant compared with the wild type (Fig. 4A ). This was reflected by an up to 20% decrease in ATP (Fig. 4B) , an up to 30% decrease in ADP (significant for lines JT 594, JT 654, and JT 595; Fig.  4C ), and an up to 20% decrease in AMP (Fig. 4D) . The overall ATP/ADP ratio increased slightly compared with the wild type (Fig. 4F) .
These results indicate that alterations in the activity of the plastidic adenylate transporter affect the overall levels of adenine and uridine nucleotides, as well as the level of PPi. The reason for this is unknown. However, previous studies on potato tubers document that the levels of adenine and uridine nucleotides are regulated in parallel with changes in Suc and starch metabolism to avoid a limitation of Suc mobilization and starch biosynthesis (Geigenberger et al., 1994; Loef et al., 1999; Geigenberger and Stitt, 2000) .
Levels of ADP-Glc in Tubers with Altered Expression of the Plastidic Adenylate Transporter
ADP-Glc is the product of the ATP-dependent AGPase reaction in the plastid and it represents the sole precursor of starch biosynthesis. The level of ADPGlc was up to 2-fold higher in tubers with increased AATP expression compared with the wild type (Fig.  4E) , the increase being significant for lines JT 98 and JT 62. In transgenic line JT 62 the ADP-Glc concentration was above 2 nmol g fresh weight Ϫ1 compared with 1.1 nmol g fresh weight Ϫ1 in the wild type. In contrast to this, antisense repression of AATP re- Figure 2 were used to analyze total uridine nucleotide levels (A), which is the sum of UTP (B), UDP (C), and UDP-Glc (D). The ratio of UTP/UDP-Glc (E) is also shown. Results are means Ϯ SE (n ϭ 5).
sulted in a 25% to 70% decrease of the ADP-Glc level compared with the wild type, which was significant for lines JT 595 and JT 654 and lead to values of 0.4 nmol g fresh weight Ϫ1 in line JT 595 (Fig. 4E) . The contents of ADP-Glc in the transgenic tubers are in the range where the rate of starch synthesis is strongly dependent on the ADP-Glc content (Geigenberger et al., 1997 (Geigenberger et al., , 1998 .
Analysis of Enzyme Activities in Tubers with Altered Expression of the Plastidic Adenylate Transporter
To investigate whether the alterations in primary metabolism of the transgenic tubers are accompanied by pleiotropic changes in enzyme activities we analyzed the maximum activities of several enzyme in extracts from corresponding tubers under optimized assay conditions (Table I ). There were no significant changes in the activities of Suc synthase and UGPase in extracts made from sense or antisense AATP expressing tubers compared with the wild type. In contrast to this, there was a 2-fold increase in alkaline invertase and a 3-to 7-fold increase in acid invertase activity in antisense tubers with decreased AATP expression (significant, P Ͻ 0.05), whereas no significant changes in invertase activities could be observed in sense tubers with increased AATP expression (Table I) .
Suc mobilization in potato tubers is catalyzed by a cycle of synthesis and degradation (Geigenberger and Stitt, 1993) . We, therefore, also measured the activity of SPS in the corresponding extracts. When assayed under optimized conditions (V max ), no significant changes in SPS activity were observed compared with the wild type. When the activity was assayed in the presence of limiting substrate concentrations (termed V sel assay), antisense tubers revealed 2-fold increased SPS activities (significant for lines JT 654 and JT 595), whereas a slight, but non-significant, decline in activity was observed in sense tubers compared with the wild type. The V sel /V max ratio was significantly increased in antisense tubers, whereas no significant changes were observed in sense tubers (Table I) . Changes in the V sel /V max ratio are indicative for changes in the phosphorylation status of potato tuber SPS (Reimholz et al., 1994) . A similar increase in SPS activation was also observed in tubers with decreased expression of AGPase (Geigenberger et al., 1999a; Sweetlove et al., 1999) . It is striking that the increase in the activities of SPS, alkaline invertase, and acid invertase in tubers with decreased AATP expression (Table I) coincided with a marked increase of Suc and an up to 10-fold increase in hexose levels (see Fig. 2 , A-C), indicating an increased recycling of hexose phosphates to Suc and Glc in these tubers.
There were no substantial changes in the activities of G6P-DH, PFK, PFP, GAP-DH, pyruvatekinase, and PEP phosphatase in sense and antisense tubers compared with the wild type (Table I) . Sense tubers revealed a slight, but non-significant, increase in 6-phosphogluconatedehydrogenase (6-phosphogluconate-DH) and PEP carboxylase activities. In antisense tubers, 6-phosphogluconate-DH increased up to 1.4-fold (significant for lines JT 594, JT 595, and JT 654), and PEP carboxylase increased significantly up to 2.4- Table I . Enzyme activities assayed in extracts from antisense (JT 676, JT 594, JT 654, and JT 595) and sense (JT 1, JT 78, JT 98, and JT 62) AATP-tubers Results (nmol g fresh wt Ϫ1 min Ϫ1 ) are the mean Ϯ SE (n ϭ 5 separate tubers from different plants). Suc phosphate synthase (SPS) was measured under two different assay conditions: V max assay (12 mM Fru6P, 36 mM Glc6P, and 6 mM UDPGLc), or V sel assay (2 mM Fru6P, 6 mM Glc6P, 6 mM UDPGlc, and 5 mM P i ). fold, correlating with the decrease in the PEP/pyruvate ratio (see Fig. 2 , I and J) and the accompanying increase in respiration rates in these lines (see Fig. 1 ).
No substantial changes were observed in the maximal activity of AGPase in the corresponding tubers.
Starch Grain Morphology and Physical Properties of Starch in Tubers with Altered Expression of the Plastidic Adenylate Transporter
A polarization-light microscopic examination of starch grains revealed marked alterations of size and morphology of grains from wild-type and transgenic tissues (Fig. 5) . The generally radial orientation of the birefringent, semi-crystalline amylopectin molecules (Wang et al., 1998), however, is not changed in the transformants, as indicated in all preparations by the blue color in the northeast and southwest sectors of each starch grain and by the yellow in the northwest and southeast sectors, respectively (Fig. 5) .
In wild-type cells about five to seven starch grains of ellipsoidal shape are present (Fig. 5A, top panel) . The ellipsoidal shape of wild-type starch grains, which exhibit a diameter of about 40 to 50 m, is easier to follow by microscopic examination of isolated grains (Fig. 5A, middle and bottom panel) . In strong contrast, the total number of grains in antisense cells (data from line JT 654 is shown, but is typical of results obtained from other lines) is significantly increased (Fig. 5B, top panel) , and the size is substantially smaller (Fig. 5B , middle and bottom panel). The major difference in starch grains obtained from plants containing a sense construct is that several large starch grains exhibit an angular shape (Fig.  5C, bottom panel) , which seem to be different to the ellipsoidal wild-type grains (see above).
To quantify differences in granule size we extracted starch mechanically and carried out laserdiffraction spectroscopy (Table II) . Ten percent of the wild-type grains exhibited a size of up to 20.7 m (Table II) . In contrast, 10% of grains from all four antisense lines examined were not more than 15 m, corresponding to an average decrease in size of about 30%. Ninety percent of the wild-type grains exhibited a size of up to 67.1 m, whereas 90% of the antisense grains do not exceed a size of more than 43 m (Table  II) . No substantial differences in granule size distribution were found between wild type and the four sense lines (data not shown).
DISCUSSION
Alterations in Plastidic Adenylate Transporter Activity Lead to Increased Respiratory Activity in Potato Tubers
In potato tubers ATP is synthesized in the mitochondria, subsequently transported into the cytosol, and from there into the amyloplast via an ATP/ADP translocator (Heldt, 1969; Schü nemann et al., 1993; Kampfenkel et al., 1995; Tjaden et al., 1998) . We showed recently that transgenic tubers with decreased activity of AATP due to the insertion of an antisense ATP/ADP translocator construct exhibit drastically reduced levels of starch, whereas starch yield was increased in tubers of plants that contained a sense construct and that demonstrated increased transporter activity (Tjaden et al., 1998) . In the present paper we demonstrate that tissues from antisense and sense tubers exhibit increased respiratory activity (Fig. 1) . These results indicate that alterations in the ATP/ADP exchange rate between cytosol and plastid affect starch accumulation, as well as the rate of respiration.
It has been debated whether mitochondrial electron transport in plants is limited by the availability of carbon substrate, the cytosolic phosphorylation potential, or the absolute cytosolic concentration of ADP (Moore, 1992) . In tubers with increased AATP expression, stimulation of respiratory activity occurred without major changes in the levels of soluble sugars, phosphorylated intermediates, or organic acids (Fig. 2) , indicating that stimulation of respiration is not due to increased availability of carbon substrate. As the increased ATP/ADP exchange across the amyloplast envelope leads to stimulation of ATPconsuming processes in the plastid (increased levels of starch; Tjaden et al., 1998) , it is more likely that elevated ADP levels appearing in the cytosol induced high respiratory activity. Tubers with increased AATP activity revealed slightly, but significantly, increased levels of ADP. Most importantly, there was a positive correlation between the increase in starch level (see Tjaden et al., 1998) , the stimulation of respiration (Fig. 1) , and the increase in ADP level (Fig.  4B ) in individual AATP-overexpressing lines (data not shown). In addition to this, it has been shown recently that increased levels of adenine nucleotides (including ADP) after feeding adenine to potato tuber discs resulted in a stimulation of respiration (Loef et al., 2001) . It must be noted, however, that the reported ADP levels are overall levels and do not necessarily reflect cytosolic concentrations. Subcellular analysis of leaves showed that during the dark period most of the ADP is located in the plastid, rather than in the cytosol (Lilley et al., 1982; Stitt et al., 1982) .
In antisense tubers with decreased AATP expression, induced respiration was accompanied by markedly increased levels of free sugars and hexosephosphates (Fig. 2) , whereas ADP levels decreased slightly (Fig. 4C) . The more than 4-fold increase in free sugars and the 2-fold increase in hexosephosphate levels were probably a result of limited carbon usage for starch biosynthesis. Glc levels increased up to 10-fold (Fig. 2B ), which coincided with increased invertase activities (Table I) . A similar increase of Glc and stimulation of respiration can also be induced by overexpression of a heterologous invertase in the cytosol of potato tubers (Trethewey et al., 1998) . Respiration can also be induced by shortterm feeding of external Glc to wild-type tuber slices (Geiger et al., 1998) . The reason(s) for the stimulation of respiration in AATP antisense lines are not clear. There are three possible explanations. First, inhibition of starch accumulation results in increased availability of carbon substrates for respiratory metabolism. However, pyruvate, ␣-ketoglutarate, and malate increased only slightly, and isocitrate actually decreased (see Fig. 2 ). Second, increased hexosephosphate levels lead to a stimulation of SPS activity and induction of futile Suc cycling (see Table I ; Geigenberger et al., 1997; Trethewey et al., 1999) , resulting in increased cellular energy consumption. It is now generally accepted that Glc acts as a metabolic signal regulating carbohydrate metabolism in plant tissues (Koch, 1996) . Therefore, another possibility would be that invertase, increased Glc levels, or increased rates of Glc metabolism act as signal(s) leading to stimulation of respiratory activity. In this context it will be interesting in the very near future to deepen our understanding about concomitant changes in mitochondrial metabolism in these transgenic plants.
Alterations in Plastidic Adenylate Transporter Activity Modulate Starch Synthesis by Regulating ADP-Glc Pyrophosphorylase
As demonstrated previously, plants exhibiting increased plastidic adenylate transporter activity accumulate significantly higher amounts of starch than wild-type plants, whereas antisense plants contain substantially reduced levels of starch (Tjaden et al., 1998) . By comparing the in vivo levels of ADP-Glc in wild-type and transgenic plants (Fig. 4E ) and the corresponding starch levels in the individual plant lines (Tjaden et al., 1998) , a correlation coefficient (r 2 ) of 0.93 is present (data not shown). Therefore, the data presented here provide striking evidence that the level of ADP-Glc, the sole precursor for starch biosynthesis, governs starch accumulation in potato tubers. This conclusion is further strengthened by data from transgenic potato tubers containing decreased AGPase activity and less starch (Mü ller-Rö ber et al., 1992) , because a similar decrease in ADP-Glc was observed (P. Geigenberger, unpublished data).
The good in vivo correlation between the levels of ADP-Glc and starch in tubers with different AATP expression further indicates that the rate of starch accumulation was modified by regulating AGPase activity. This suggests a close interaction between ATP availability in the plastid, AGPase activity, and starch biosynthesis. Since overall AGPase activity was not substantially changed (Table I) , we can rule out that modulation of starch synthesis was due to changes in the expression of AGPase in these lines. However, there are also further factors that can alter AGPase activity in potato tubers. AGPase from potato tubers is allosterically activated by 3PGA competitively to Pi (Preiss, 1988) . Previous studies document the in vivo significance of this mechanism in the regulation of starch synthesis in potato tubers (Stark et al., 1992; Geigenberger et al., 1997 Geigenberger et al., , 1998 . Since 3PGA did not change significantly in tubers with increased AATP activity compared with the wild type, it is very unlikely that changes in 3PGA are responsible for the stimulation of AGPase in these lines. An alternative and more likely explanation is that AGPase is restricted in vivo by the plastidic adenylate transporter activity and the plastidic concentration of ATP. This conclusion is further strengthened by recent studies showing that an increase in ATP level is responsible for stimulation of starch synthesis in wild-type tuber slices after feeding adenine (Loef et al., 2001) . In antisense AATP tubers, however, a slight (20%), but significant, decrease of 3PGA was observed, which could provide an additional explanation for the inhibition of AGPase in these lines. However, it is unclear whether the decrease in 3PGA is counterbalanced by a possible decrease in Pi due to sequestration in hexose phosphates (the latter increased 2-fold in these lines).
The situation will be different in the seed endosperm of some cereals where AGPase is also present in the cytosol in addition to its plastidic location (for review, see Smith et al., 1997) . A putative ADP-Glc/adenylate transporter has recently been identified in maize, which could mediate the transport of cytosolic ADP-Glc into the plastid (Sullivan and Kaneko, 1995; Shannon et al., 1998) . Operation of this transporter during endosperm development could provide an additional capacity to supply ADP-Glc in situations where a strong demand for starch synthesis is present.
Alterations in Plastidic Adenylate Transporter Activity Lead to Changes in Granule Growth and Morphology
ADP-Glc is the product of the ATP-dependent AGPase reaction in the plastid, and the ultimate precursor of starch grain biosynthesis (Preiss, 1988) . Transgenic tubers with increased plastidic ATP/ADP transporter activity contained increased levels of starch, whereas antisense tubers with reduced activity of the transporter contained reduced starch levels (Tjaden et al., 1998) . It is interesting that not only the total starch was altered, but also the amylose to amylopectin ratio. This ratio was increased in sense plants and decreased in antisense plants (Tjaden et al., 1998) . So far the interaction between starch levels and starch composition, and the structure of starch grains has received very little attention in the literature.
The morphological examination of starch grains (Fig. 5 ) and the quantitative analysis of starch grain size ( Table II ) unequivocally demonstrate that antisense tubers contain starch grains with much smaller diameter and more grains per cell. Lloyd et al. (1996) showed that in pea, starch mutants exhibit a similar correlation between starch level and size of starch grains. However, the amount of starch is not the only parameter that seems to control the grain size. A Chlamydomonas mutant lacking granule-bound starch synthase activity and no change in total starch content also has smaller grains, which is most likely due to the total absence of amylose (Buléon et al., 1997) .
Therefore, it is now clear that altered ATP provision to potato amyloplasts not only influences tuber shape, starch level, and starch composition (Tjaden et al., 1998) , but also starch grain morphology ( Fig. 5 ; Table II ). The latter observation is consistent with and extends previous studies on Chlamydomonas mutants defective in the 3PGA activation of AGPase (Van den Koornhuyse et al., 1996) , and on transgenic potato tubers with decreased expression of AGPase (Lloyd et al., 1999) . The results suggest that changes in ADP-Glc concentration determine starch yield and structure, as well as granule morphology. It will be interesting to study, in addition to the morphology, how far the physico-chemical properties of starch isolated from these sense and antisense plants are affected by starch gain size and the amylose-toamylopectin ratio.
MATERIALS AND METHODS
Plant Material
Potato (Solanum tuberosum cv Desirée) plants were grown in soil (10-L pots) in a greenhouse (ambient light was supplemented with Philips Sont-Agro lights at 200 mol photons m Ϫ2 s Ϫ1 irradiance, 16-h/8-h day/night regime, 20°C -23°C, 70%-80% relative humidity). Growing tubers from 12-to 15-week-old plants that were watered daily were used for the experiments.
Metabolite Analysis
Tissue slices were cut from intact growing tubers and frozen in liquid nitrogen, then extracted with trichloroacetic acid as given in Jelitto et al. (1992) . Hexose-phosphates, 3PGA, pyruvate, isocitrate, ␣-ketoglutarate, and malate were quantified as given in Merlo et al. (1993) . Adenine and uridine nucleotides were quantified in trichloroacetic acid extracts by high-pressure liquid chromatography using a Kontron HPLC-system (Kontron Instruments, Eiching, Germany) fitted with a Partisil-SAX10 anion-exchange column (Geigenberger et al., 1997) . The recovery of small, representative amounts of each metabolite through the extraction, storage, and assay procedures has been documented previously (see Jelitto et al., 1992; Merlo et al., 1993; Geigenberger et al., 1994; Hajirezaei et al., 1994; Farré et al., 2000) .
Enzyme Analysis
Tissue slices were cut from intact growing tubers, frozen in liquid nitrogen, then extracted, spin-desalted, and SPS was immediately assayed via the anthrone test as in Geigenberger et al. (1997) . Aliquots of the extract were snapfrozen in liquid nitrogen and assayed for Suc synthase, acid invertase, alkaline invertase, UDP-Glc pyrophosphorylase, PFP, PFK, pyruvate kinase, PEP phosphatase, PEP carboxylase, and AGPase as in Merlo et al. (1993) , GAP-DH according to Trethewey et al. (1998) , and Glc6P-DH and 6-phosphogluconat-DH according to Bergmeyer (1987) .
Analysis of Respiratory Activity
Four potato tuber discs (200 mg fresh weight) were transferred into the measuring chamber of a Warburg respirometer and supplied with Suc (100 mm) to measure O 2 consumption and CO 2 production (at 25°C). Four tuber discs were collected from four individual plants of a transgenic line or wild types. Tubers chosen were of equal size and exhibited about 6 cm in longitudinal diameter.
Microscopic Analysis of Grain Morphology
Hand sections of potato tubers were prepared in water and subject to polarization microscopy. Preparation of isolated starch grains was done by scraping material from a tuber with a razor blade, transferring it onto a microscope slide, and adding a drop of water. Starch grains are birefringent showing a Maltese cross when observed with crossed Polaris's. With addition of a -retardation plate in northeast-southwest direction, birefingent structures show up bright blue or yellow on a pink background dependent on their axis, oriented parallel (blue), or perpendicular (yellow) to the -plate.
Starch Grain Size Distribution Analysis
The size distribution of isolated starch grains was estimated by laser diffraction spectroscopy (type Mastersizer S, version 2.15, Malvern Instruments, UK). The instrument was equipped with a flow-through geometry unit for liquids and a 300-mm range lens. Beam length was 2.4 mm. Particle size distribution (0.05-900 m) was registered using 64 information channels. The results of the measurements are expressed as the volume percentage of starch in particles smaller or equal to the threshold value of the channel. The starch powder was thoroughly suspended in water by stirring and was immediately added to the analytical water circuit of the instrument. This technique detects particle size, but cannot discriminate between single granules and possible granule clusters.
Statistical Analysis of Data
Statistics were calculated using the t test. The word significant is used in the text when the change in question has been confirmed to be statistically significant (P Ͻ 0.05).
